PLATES 22 TO 25 . In a previous paper (I) dealing with the effects of extirpation of the thymus of white rats, the writer reached the conclusion that total removal of the gland at an early age was not necessarily followed by modifications of the normal development, nor by characteristic changes in the skeletal system.
of thymus extract, it was possible to prevent the ill effects of the thymus extirpation. The spleen was found enlarged in 75 per cent. of the thymectomized rats, but no microscopic changes were observed in liver, adrenals, hypophysis, or testicles. No mention is made of alterations in the skeletal system.
In view of such conflicting observations, it seems desirable to bring forward additional evidence in support of the conclusions reached in the writer's previous paper. It has been suggested 1 that negative results might be due to unrecognized lobules of accessory thymic tissue which had undergone delymphoidization or other involutional change making their identification difficult. While it is hard to refute this criticism absolutely, it may be said that in those cases in which accessory tissue has been present, there has been no difficulty in recognizing it as such and in differentiating it from lymphoid tissue. Further, the failure of such minute thymic rests to undergo hyperplasia in itself suggests that they are of no great functional significance.
As regards the alleged production of rachitic changes, it was .pointed out that Klose, although aware of the occurrence of spontaneous rachitis in rats, had given no data by which one could exclude this disease as a possible explanation of his findings. At that time I had not met with rachitic lesions in rats. During the past spring, however, a number of rats have been studied which showed striking changes in the bones and teeth. Among these were rats which had been thymectomized at an early age, control rats of the same litters, and rats from the stock cages. It is believed that a detailed description of some of these animals will support the view that these alterations of the skeletal system are not due to the lack of thymus secretion, but are the result of the spontaneous disease first described by Morpurgo. This paper, therefore, includes observations (I) upon litters in which complete thymectomy was not followed by alterations in growth, nutrition, or skeletal system; (2) upon litters in which both operated animals and controls showed lesions of the bones and teeth; and (3) upon unoperated animals from the stock cages, showing similar lesions. Through the co6peration of Professor W. J. Gies, calcium determinations of the bones and teeth were made in i Personal communication from Professor J. Salkind. a number of the rats, and the results of these determinations are published in a separate paper (4) .
The operative techfiique has been fully described in the previous study. The completeness of the operation and the possible presence of accessory thymic tissue in the thymectomized rats was controlled in each case by an examination of serial sections of the entire neck organs, including the thyroid, and the upper half of the thoracic organs. The teeth and bones were decalcified in 5 per cent. nitric acid. The staining methods included Morpurgo's modification of Schmorl's thionin-picric acid method, which differentiates even in completely decalcified specimens between osteoid and completely calcified bone.
PROTOCOLS.
Litter U.--This litter consisted of seven rats, four of which were thymectomized on July 28, I913. During the following weeks mother and young received protective inoculations of a B. enteritidis vaccine, since fatal infections with this organism were prevalent at that time.
Rat U2.--Emaciated, cyanotic, and anemic; died eight weeks after operation, having gained only Io gin. It was eaten by the other rats and could not be examined.
Rat U7.--Control. Gained poorly, remained weak, and had a bloody discharge about the eyes and nose. It was killed sixty-eight days after operation. Weight at death 38 gin. No gross or microscopic lesions were found to explain the inanition.
Rat U4.--Thymectomy. This rat also failed to gain weight normally, but remained lively, and aside from poor nutrition, showed no evidences of illness. It was killed sixty-eight days after operation, rat U7 serving as control. Weight at death 34 gm.
Autopsy.--Negative, aside from emaciation. Microscopic Examination.--Numerous necroses, old and recent, in the liver.
There was absence of spermatogenesis. Serial sections of the neck organs showed three lobules of thymlc tissue lying in front of the trachea. There was also a small accessory thymus lobule, below and external to the lower pole of the left thyroid lobe.
The remaining rats of the litter (UI, U3, U5, and U6) were kept under observation until January 28 and 29, 1914, when they were killed with ether.
Rat UI.--Thymectomy. O~ Dec. 6 a small piece of thymus from a rat of another litter (Z4) was implanted in the peritoneal cavity. No symptoms followed this operation, and no vestiges of the implanted fragment were found at autopsy.
.4utopsy.--No gross visceral or skeletal changes. Microscopic Examination.--A few small necrotic areas are seen in the liver, with accumulations of wandering cells in the portal spaces. Splenic follicles are large, with a broad zone of paler mononuclear cells at the periphery. There are myeloid foci in the pulp, and numerous megakaryocytes. There is also one small collection of polynuclears. Near a lymph node in the region of the salivary gland, there is a small lobule of tissue, in part necrotic, in part composed of pale epithelioid cells. This can not be identified as thymus. Adherent to the pericardium there is a lobule of tissue measuring 500 by 15o by z6o microns, which is composed of oval or fusiform cells with pale nuclei, arranged about capillaries or irregularly distributed and infiltrated with lymphoid and plasma cells. It can not be identified as thymus tissue, since it shows no Hassall bodies nor larger epithelial cell complexes, and is probably granulation tissue. Control. Probably infected.
The bones and teeth were reserved for chemical examination and were not studied histologically. There were no gross changes.
The foregoing protocols show that rats may live without thymus tissue and in apparent health for at least 186 days. The differences in weight between the thymectomized rats and the controls are in all likelihood referable to infections, histological evidence of which was found in rats UI and U4. Moreover, a sex difference of twentyfive grams at this age is to be regarded as normal. The great retardation of growth in rats U4 and U7 emphasizes the need of caution in attributing such effects to the removal of the thymus, rather than to incidental disease.
The following experiment offers further evidence in favor of the negative results of thymus extirpation.
Litter O.2--This litter consisted of six rats, upon four of which thymectomy was performed on July 17, 1913. During the following weeks all the animals received prophylactic injections of a vaccine of B. enteritidis. With the exception of one rat, 04, which developed bloody diarrhea and died after four weeks, all the rats of this litter gained steadiIy in weight and remained healthy. Rats OI, 02, and one of the controls, 05, were killed on Nov. 15, 1913, 12o days after the operation. Rat 03 and the remaining control, 06, were killed eleven days later. In none of the operated rats were there found rests of thymic tissue or accessory glands. It is unnecessary to give the detailed protocols, since a careful microscopic examination of the bones and teeth showed no abnormal conditions. The calcification of the dentine of the incisors is shown for comparison with that in rachitic rats in figures Ia and Ib.
The following protocols serve as examples of the second group, in which both operated and control animals showed distinct alterations in the bones and teeth.
Litter X.--This litter consisted of six rats, four of which were operated on Oct. 24, 1913, the remaining two being kept as controls. The estimated age at the time of operation was sixteen days.
Rat Xz.--On Nov. 12, seventeen days after thymectomy, a portion amounting to about one fourth of the entire thymus of rat X6 was removed and implanted into the peritoneal cavity of XI. No ill effects followed the implantation until Dec. I, when the rat was found lying upon its side, suffering from general convulsions. The forefeet were strongly flexed, the hind legs extended and paretic.
• The rat was killed with ether. 2 Tabulated weighs and measurements and weight chart of this litter are given in the previous article (I).
Cultures from heart blood remained sterile. A small nodule situated between the esophagus, descending aorta, and right bronchus, at first interpreted as a thymus rest, was subsequently concluded to be a lymph node. It showed a fairly distinct peripheral lymph sinus, and complete absence of large epithelial cell complexes and formed Hassall bodies. In and about the hypertrophic cervical lymph nodes were many eosinophilic polynuclear leucocytes. No mitoses were found in the parathyroids.
MicroscoplcExamination
The bones and teeth were fixed in Orth's fluid and decalcified in 5 per cent. nitric acid.
No rachitic changes were present in the femur or tibia. The epiphyseal lines were narrow and regular; the layer of proliferating cartilage ceils at the lower epiphysis of the femur were only two to three cells deep. The trabecul~ of the spongiosa were far apart and narrow, the osteoblasts flat and inconspicuous. The osteoid zone was extremely narrow, in many places not recognizable. The lymphoid marrow extends to the epiphyseal cartilage in the femur. The lower portion of the tibia i~s occupied by fatty marrow. In the lymphoid marrow of the femur, there are scattered areas of necrosis, similar to those found in infections with B. enteritidis.
Sections of the upper and lower incisors show nothing abnormal. The calcification of the dentine is complete, save for the normal narrow calcium-free zone.
The interesting point in this protocol is the onset of convulsions and a tetanoid condition after removal of the thymus and subsequent isotransplantation into the peritoneal cavity. It does not seem probable that the convulsions were due to intoxication following the absorption of the thymus tissue. At the time of death, the implanted fragment had apparently been entirely resorbed.
Further, the experiment has been repeated in other rats, and in no case were similar symptoms observed.
The presence of focal necroses in the bone marrow suggests an infection as a more probable cause for the nervous symptoms.
The absence of bone lesions, in spite of complete extirpation and lack of accessory tissue, is to be noted.
Rat X2.--On Nov. 12 a small fragment of thymus from rat X6 was implanted beneath the skin of the abdominal wall. The sm/dl nodule disappeared after a few days, and no remains of it were found at autopsy. There were no convulsive symptoms or other evidence of illness following the implantation. The rat remained well, but was behind the remaining animals of the litter in size and weight. It was allowed to live 151 days after thymectomy, and was then killed together with control rat X5.
Autopsy.--Poorly nourished, eyegrounds pale, slight exophthalmos. Internal organs normal. In the thymic region there were five or six lymph nodes and fat ; no gross remains of thymus.
The ribs show fairly marked deformity. The zone of growing cartilage is broad and translucent, and there is distinct nodular swelling at the junction of cartilage and bone. There are also several opaque, fusiform, whitish swellings along the shafts of the ribs. The femur is 5 mm. shorter than that of X5, the control, and thicker, but not noticeably deformed. The teeth show no gross changes, aside from a notching of the cutting surface of the upper incisors.
Microscopic Exarnination.--Neck organs cut in complete series. A small thymus IV is found at the lower pole of the right thyroid lobe. It contains no formed Hassall bodies, but there are many epithelial cells with large pale nuclei in the medullary portion. The smooth margin and the absence of follicles and peripheral lymph sinus easily distinguish the tissue from lymph gland. It can be traced l~hrough only six sections. There is a large accessory parathyroid on the left side, lying above and external to the thyroid. All parathyroids show numerous mitoses, one or two to each immersion field.
The liver is free from necroses. The splenic follicles are of moderate size and composed chiefly of large lymphocytes. The pulp shows groups of erythroblasts and fairly numerous eosinophilic mononuclears and megakaryocytes. There is evidently active hematopoiesis. In the lung there is hyperplasia of the peribronchial lymphatic tissue. Adrenal medulla shows intense chromaffin staining of cells and capillary contents. It does not differ from that of the control.
In the ribs the zone of proliferating cartilage cells is about 0.4 mm. in width (normal width about o.I mm.). By actual measurement with the projection apparatus, it is found to be about six times as broad as that of a normal control. It is composed of fourteen to sixteen swollen cells. The margin is uneven and irregular columns and groups of cartilage cells in which the ground substance stains like osteoid are found amongst the trabeculm of the spongiosa. These are wide, irregular in their arrangement, and composed in the neighborhood of the epiphysis almost wholly of a homogeneous osteoid. Only the central portions take a bluish stain and show typical bone structure. The marrow ,spaces are narrow, and the marrow is fibrous. The osteoblasts are very high and conspicuous. The cortex is broad, and the marrow cavity of the shaft correspondingly reduced. The nodular swellings seen in the gross correspond to localized thickenings of the compact bone. The epiphyseal cartilage of the femur is very convoluted, and there are masses of swollen cells projecting amongst the trabecul~e of the spongiosa. The width of the proliferating zone varies. It is from six to twelve cells deep. The spongy bone is dense, the marrow spaces reduced in width.
The incisor teeth show pronounced changes in the calcification of the dentine, both in the upper and lower incisors. The essential feature is a defective and irregular calcification, with ingrowth of blood vessels into the calcium-free dentine. On the concave side of the upper incisor, there are alternating stri~e of Two ribs were examined. ()ne shows much more pronounced changes than the other. The lesions in the more severely affected ri~b are identical with those described in the rib of X2. The width of the growing cartilage is increased, and the disarrangement of the cartilage cells is extreme. There is an excessiv.e amount of spongy bone in the region of the epiphysis, the trabecul~e having a wide osteoid margin. The marrow is fibrous in character. The femur also shows similar changes.
The incisors show a marked defect in the calcification of the dentine, with ingrowth of cells and blood vessels from the odontoblast layer, as shown in figures 3a, 3b, 3c, and 3d. The enamel epithelium of the upper incisors is interrupted at one point and folded in upon itself. The enamel in this region has fallen out.
The comparative weights and measurements of rats X2 and X5 are given in table II. There is a difference of weight of fifty-seven grams in favor of the control rat, and of sixteen millimeters in length. Both the operated rat and the control show marked lesions in the teeth and skeletal system.
The spontaneous occurrence of such lesions in the control rat makes it highly improbable that they are in any way related to a loss of thymic function. Furthermore, if one is to ascribe the retardation in growth in rat X2 to the lack of thymus, one must assume that the presence of an accessory gland is not sufficient to ward off the effects. This would not coincide with Klose's assumption that such small lobules of accessory thymus tissue are capable of preventing the deprivation symptoms, and that the negative results of extirpation can be explained in this way. The remaining rats of the litter, X3 and X4, and the control, X6, were killed I5 6 days after the operation. Microscopic Examination.--Liver, spleen, adrenals, lungs, and kidneys normal.
Testes show active spermatogenesis. Interstitial cells large, distinct, and numerous.
Neck organs cut in complete series. A lobule of thymus tissue is found lying along the trachea I cm. above the bifurcation. It is elongated and narrow, measuring approximately 1.5 by 0.3 by 0.o75 mm. The thymus structure is distinct, although there are few fully formed Hassall bodies. At one pole are several vesicles lined with cuboidal epithelium, and containing basic staining colloid material. The right parathyroid lies external to the thyroid, and is irregular in shape, partially encircling the carotid. Mitoses are not infrequent.
In the upper incisors the calcification of the dentine is practically complete on the convex surface throughout the whole length. Near the base of the tooth, the border of the calcified portion is slightly wavy, and there are a few ingrowing blood vessels. The concave edge also shows good calcification of the dentine, although in the middle portion there are a few calcium-free streaks, and in places the calcium is deposited in globular form. The odontoblast layer is well formed through the entire extent of the pulp cavity on both sides. The enamel is wanting in the sections, but the emaloblasts are normal.
Normal chondrocostaI junctions in several ribs examined. There are four to eight growing cartilage cells, regularly disposed. The osteoblasts are well formed. There is no excess of osteoid tissue. No macroscopic remains of thymus. Definite lesions are seen in the ribs, similar to those described in X2.
The chondrocostal junctions are swollen, and tbere is sharp angulation of the lower ribs. The zone of growing cartilage is broad, and the adjacent part of the shaft for a distance of about 2 ram. is greyish white and soft. Four of the ri~bs show on the pleural surface, about I cm. from the junction with the cartilage, pearly, cartilaginous swellings. Teeth and femora show no gross changes.
Microscopic Examination.--Liver, kidneys, and adrenals normal. Splenic follicles slightly smaller than those of the control, X6. Few mitoses. Many eosinophils and much pigment in pulp. Lungs show many eosinophils in edematous tissue about larger blood vessels.
The upper incisors show changes similar to those described in rats X2 and XS, but somewhat less marked. The defective calcification of the dentine, on the convex surface, near the base of the tooth, is marked, about one third of the entire width being entirely calcium-free. In the middle portion, about two fifths of the dentine is uncalcified. Here, and also towards the tip, the calcium is deposited in laminae. There is an abundant ingrowth of capillaries from the odontoblast layer. On the concave side, near the base, half the dentine is calciumfree. Towards the middle and distal portion, the calcification is still more incomplete, and in the form of alternating calcium-free and calcium-containing layers. The lower incisors show similar changes, especially marked on the concave surface.
The growing cartilage of the ribs presents an even convex surfade towards the shaft. The rows of cartilage cells are six to ten cells deep. The spongiosa is composed of very broad trabecul~e with wide osteoid zones, and high osteoblasts. The pearly swellings observed in the gross correspond to localized thickenings of the compact bone.
The zone of growing cartilage of the femur at the lower epiphysis is convoluted and slightly increased in breadth, but not markedly irregular. The spongiosa is formed of coarse trabeeulm with a relatively broad osteoid zone and distinct osteoblasts.
Neck organs, cut in complete series, show no thymus tissue, with the exception of a minute accessory lobule below the inferior pole of the right parathyroid gland and lying within the capsule of the thyroid. This is composed of large cells with very pale nuclei, between which are scattered small cells of the lymphoid type. The lobule contains also a few eosinophils, and abundant brownish pigment. There are no Hassall bodies or large epithelial cell complexes. The tissue can be traced through only five sections. There are two parathyroids, both within the thyroid. The epithelial cells show fairly numerous mitoses, two or three to each section. The thyroid vesicles are small, save at the surface of the gland ; the cells are columnar, but not infolded. The colloid is abundant, but vacuolated.
./tutopsy.--Large, well nourished rat, showing no changes in the internal organs. There is slight beading of the ribs, with a broad greyish zone adjacent to the cartilage. The femora and teeth appear normal.
Microscopic Examination.--Liver, kidneys, and adrenals normal. The splenic follicles are slightly larger than those of rats X3 and X4. Mitoses are not numerous. In the pulp are many erythroblasts and eosinophils. Some of the testicular tubules show active spermatogenesis with formed spermatozoa in the lumina. Most of the tubules, however, are lined with indifferent epithelium showing no mitoses. Interstitial cells are somewhat more abundant than in the testis of rat X4.
In the upper incisors the odontoblasts are well formed, extending through the entire length of the pulp. Calcification of the dentine is not abnormal, save that the odontoblast layer is rather wavy. The uncalcified predentine is narrow.
Ribs and femur show nothing abnormal.
The comparative weights and measurements of rats X 3, X4, and X6 are summarized in table III. Rema~s.
Incomplete
Rat X4 offers a further illustration of the fact that rats m a y survive complete extirpation for many months without becoming cachectie. It seems improbable that the minute accessory gland, less than fifty microns in diameter, could take over the functions of the entire thymus without showing evidence of active hyperplasia.
T h e rachitic lesions in this rat were marked, and as will be evident f r o m subsequent protocols, this disease in rats is frequently, though not always, accompanied by a retardation of growth. T h e r e is, therefore, little ground for attributing the diminution in size and weight, as compared with the control, to the lack of thymus. T h e normal sex difference must also be taken into account at this age.
Litter Y.--This litter, consisting originally of eleven rats, was born in the laboratory of stock animals, all the rats previo~usly studied having been obtained from Granby, Mass. The rats were undersized, and stood the operation poorly, only three thymectomized and three controls surviving.
Rat Yz. Extirpation of thymus probably complete. The only suspicious tissue lies in a lobule of fat near the hilus of the left lung, where there is a circumscribed collection of mononuclear cells with a few larger elements, which can be traced through sixteen sections. There are no epithelial cell complexes or Hassall bodies, but the tissue does not have a peripheral lymph sinus or follicles. It is probably a newly forming lymph node. The thyroid is composed of large vesicles with abundant colloid and flat epithelium. In the fat tissue external to it, are a few closed ducts lined with high cylindrical epithelium (postbranchial ducts).
The line of growing cartilage of the ribs is broad, with a convex, irregular surface directed towards the shaft. It is composed of eighteen to twenty cells in rows, with masses of cartilage cells projecting amongst the trabecul*e of the spongiosa. These are numerous, broad, with a wide osteoid margin, and high cons.plcuous osteoblasts. The marrow spaces in the region of the cartilage are narrow, the vessels hyperemic and surrouladed by spindle cells.
Upper epiphysis of tibia. No definite rachitlc changes. The zone of growing cartilage is slightly narrower than that of the control. The cells are regular in their arrangement, as are the trabecul~e. Bone formation is very active. The osteoid zone about the trabecula~ is slightly increased in width. This is especially clear in the epiphyseal center of ossification.
The epiphyseal llne of the femur is regular on the whole, but there are a few projections of cartilage amongst the trabecul~e of the spongiosa. The osteoid is increased in amount.
The calcification of the dentine of both upper and lower incisors is somewhat defective, but there is no vascularization of the calcium-free dentine. The enamel epithelium is not altered.
Much more striking were the skeletal and dental changes in rat Y8, the protocol of which follows.
Rat YS.--Thymectomy on Nov. I, 1913. Weight at operation 14.6 gin. Following the operation, and until the rat was killed on Mar. 2, 126 days after extirpation of the thymus, it lagged far behind the remaining rats of the litter in weight and size. The hair was rough and sparse; the head seemed relatively large as compared with the body. On Jan. 17, it was noted that the upper incisors were very long and thick as compared with the lower, which were small and delicate. On Feb. 28 the right upper incisor was broken off just beyond its emergence from the gum.
Autopsy.--Poorly nourished, "stunted male. Weight 42 gin. The internal viscera were normal, with the exception of the right lung, which was ateleetatic in its upper portion. No gross remains of thymus. The thorax is greatly deformed by the presence of a deep groove along the llne of the chondrocostal junctions. From the pleural surface there are seen, especially on the lower ribs, nodular protuberances at corresponding points. There is thus a pronounced rachitic rosary. The bones of the lower extremities are softer and more pliable than normal, and there is distinct swelling about the epiphyses of the knee-jobats.
Cultures from the heart blood and spleen on slant agar remained sterile. There are a few spermatids, but no ripe spermatozoa. The appearance is that of a testis just before the onset of spermatogenesis. Some of the bronchi contain dense collections of eosinophils. The pulmonary arteries are thickened, their lumina contracted, the muscular coat appears hypertrophied. Some of the vessels are practically obliterated. Complete series of neck organs. There is no tissue which can be identified as thymus. There are no accessory thymus lobules. The parathyroids are large; no mitoses are found. Thyroid shows usual structure with abundant colloid.
MicroscopicalExamination.--Liver
The upper incisors were sectioned through the fractured stump. The pulp is hyperemic and largely necrotic. The calcification of the dentine is both irregular and incomplete. The line of junction between odontoblasts and predentine is sinuous, and in many places the odontoblast cells penetrate the uncalcified tissue. The calcified portion of the dentine ks laminated, the calcium being in the form of coarse globules. In another section there are alternating zones of calcified and calcium-free dentine. Isolated cells and occasionally capillary loops reach the outer, imperfectly calcified zone. Sections through the unfractured upper incisor show also defective calcification. Near the root, there is the same stratification as in the fractured tooth. In the middle portion, just after it emerges from the socket, the section passes outside the pulp canal. In this region there is a large area of calcium-free dentine. Near the convex surface, within the calcified strata, there are a number of globular yellowish masses. In sections stained with thionin-plcrie acid, it is seen that the dentine filaments are interrupted at the site of these globular deposits. Near the root, the congested pulp vessels penetrate the uncalcified dentine as papillary ingrowths. About one half of the dentine on the convex surface of the lower incisors is free from calcium. The odontoblasts are poorly formed and irregular. There is no marked ingrowth of blood vessels. On the concave side the calcification is still more imperfect.
The zone of growing cartilage of the humerus at the lower epiphysis is widened, and irregularly prolonged amongst the trabeculm. These are very broad and the marrow spaces correspondingly narrow. The trabecul~e are composed in the neighborhood of the epiphysis of a narrow, ossified central portion, distinctly laminated, with angular bone corpuscles, surrounded by a very broad, homogeneous, osteoid zone in which the nuclei of the bone corpuscles are larger and more rounded, and quite irregularly distributed. The osteoblasts are conspicuous and well formed. There is no increased osteoclastic resorption. The changes at the lower epiphysis of the femur are similar in character, but more pronounced than in the humerus. Numerous sections from four different ribs show similar changes. There is marked deformity at" the junction of cartilage and bone, where the rib measures 3 ram. in diameter. The junction of the cartilage with the shaft is in most places sharply marked off. There is a large central mass of hypertrophic cartilage, in some places twenty-five cells deep, and two shorter lateral spurs. Near the pleural surface, smaller irregular groups of cartilage cells are surrounded by osteold-staining matrix. The adjacent cancellous bone is composed of stout trabecul~e formed entirely of pink staining osteoid, separated by very narrow clefts and spaces. They are ranged, in the region where the rib is sharply angulated, at right angles to the cartilage columns.
The distribution of the bone corpuscles through this mass of osteold is haphazard. Farther along the shaft, the trabeculm of the spongy bone follow the long axis of the rib. They are all greatly thickened, as is the corticalis, and well calcified only in their central portions. In thionin-picric acid-phosphotungstic acid-stalned preparations, the broad osteoid, blue staining zone appears with great distinctness. The marrow cavity is much reduced in width. Near the epiphysis the marrow is fibrous; further along, it has the normal lymphoid appearance.
Two control rats of the litter, Y7 and ¥9, showed alterations in the teeth and bones comparable with those observed in the thymectomized rats, though somewhat less pronounced. A third control, YIo, which had complete v]sceral transposition, was not histologically examined. In the upper incisors calcification of the dentine is imperfect, both on the convex and on the concave surfaces. The odontoblast layer is broad, but ill defined, and on the concave side cells are seen to penetrate the calcium-free dentine for varying distances. Both surfaces of the lower incisors show alternating layers of calcium-containing and calcium-free dentine. The calcium is deposited in the form of coarse globules. The growing cartilage of the femur is narrow, being composed of only two to four rows of cells in the lower epiphysis. Both in the compact and in the spongy bone, the osteoid margin is very broad and distinct, especially about the perforating vessels. The ribs show no deformity in the sections examined, but there is a distinct increase in the width of the osteoid zone about the trabeculm.
Rat Yg.--Control, male. Killed Mar. I3, I914. Weight II8 gm. There were no lesions of the internal viscera. The alterations of the teeth were insignificant (slight lamination of the calcium on the convex surface of the lower incisors), but there was distinct irregularity and thickening of the cartilage at the lower epiphysis of the femur and at the upper epiphysis of the tibia. The single rib examined was practically normal.
The comparative weights and measurements of litter Y are given in table IV.
To the foregoing protocols of thymectomized and control rats may be added the brief description of two unoperated rats taken from the stock cages, which showed lesions in the bones and teeth identical with those described above.
The first of these (rat 50) was greatly stunted; there was a marked disproportion between the size of the head and that of the body. The approximate weight was 50 gm. The hair was rough and sparse. The teeth were somewhat chalky, but not greatly altered. There was an extreme deformity of the thorax (figure 5), resembling that noted in rat Y2. There was also marked kyphosis and lateral curvature. There were many whitish nodules along the shafts of the ribs, especially in the paravertebral lines. The ribs were very soft, and on cross-section the marrow cavity seemed almost obliterated owing to the great thickening of the cortex of the bone. At the chondrocostal junctions were nodular projections several millimeters in thickness. The femora were short, and very broad in the region of the epiphyses. The upper third of the tibim was bowed anteriorly.
Microscopic Examination.--The superficial layer of dentine of the upper incisors is well calcified; in the middle zone, the calcium is in the form of globular masses of large size, and the inner zone, comprising about one third of the total thickness of the dentine, is calcium-free. Towards the apex the calcification is more complete. The lower incisors exhibit more striking changes, especially on the concave surface where about half the dentine is free from calcium. The vessels of the pulp are extremely congested, and the odontoblast layer is broken up in many places by fresh capillary hemorrhages. Towards the apex of the tooth, the layer of odontoblasts becomes entirely disorganized, with the formation of numerous ragged cavities, possibly the effect of gas formed during decalcification. The enamel epithelium is intact save in one place, where the cells are destroyed by hemorrhage.
The zone of proliferating cartilage of the ribs is composed of irregular masses of cells which fail to show the normal alignment into columns, a.nd which extend a variable distance into the adjacent trabeeul~e. The neighboring part of the rib is composed of a knob of anastomosing column.s separated by very narrow Haversian spaces. The distinction between osteoid and calcified bone is not sharply brought out in the sections, but the rounded form of the bone corpuscles and their highly irregular distribution suggest deficient calcification. The osteoblasts form a continuous flat row covering the trabeculm. There is no increased lacunar resorption. Beyond this knob of tissue the bone is sharply bent upon itself. A tongue of cartilage grows into this angle from the external surface of the periosteum. The cortex of the rib is greatly thickened and formed of parallel trabecul~ which encroach upon the medullary cavity, which is correspondingly narrowed. The marrow is normal, save in the region of the junction where it is fibrous (figure 6).
In order to determine the possible infectious character of ~his disease, four half grown and apparently healthy rats were inoculated with a suspension of bone marrow from rat Y8. One of the inoculated rats, killed twenty-eight days after subcutaneous injection, showed striking alterations in the bones and teeth. There was in this rat no gross deformity of the thorax, but an evident widening of the translucent zone of proliferating cartilage, and the adjacent bony part of the ribs was opaque and slightly thickened. The femora were broad and thick, and so soft that they could easily be cut with scissors. The tibiae were bowed anteriorly.
Changes in the teeth were first noted four days before the animal was killed. The basal portions of the upper incisors were found to be distinctly swollen, translucent, greyish, and rounded, sharply marked off from the distal third which was opaque and chalky white. During the next few days, the swelling and translucency extended almost to the tip of the tooth. The lower incisors were also less opaque than normally.
Microscopic Ewamination.--No changes were found in any of the internal viscera. The marked defect and irregularity of the dentine is shown in figures 4a, 4b, 4c, and 4d. It is seen that on the convex surface of the upper incisors the irregularity in the arrangement of the odontoblasts is such that these have apparently given rise to predentine both on their external and internal surfaces. They are thus disposed in a row on both sides of which is uncalcified dentine, and are connected by numerous cell strands with the pulp. The concave side of the tooth is calcium-free throughout its entire extent, and is pierced in many places by isolated spindle cells and occasionally by capillaries. The changes in the ribs and femora consisted merely of an increase in the width of the osteoid margins. No definite alterations were found in the cartilages.
DISCUSSION.
The foregoing protocols show that lesions of the bones and teeth were observed in thymectomized rats, in controls of the same litters, in stock animals, and in a rat inoculated with bone marrow from a thymectomized rat with lesions of the skeletal system.
There is little question that these lesions resemble closely those described by Morpurgo (5) , in 19oo, as infective osteomalacia of white rats. In his subsequent investigations, extending over many years, Morpurgo showed that in young animals, the spontaneous disease took the form of rachitis.
From the spinal cord of a spontaneously diseased osteomalacic rat, and later, from the spleen, liver, kidneys, and bones, Morpurgo isolated a Gram-positive diplococcus with a tendency to form chains in fluid cultures. With pure cultures of this micro6rganism, Morpurgo was able to produce rachitic lesions in young rats, and osteomalacia in adult rats in which epiphyseal growth had been completed.
The clinical course of the disease varied in different rats, in part owing to variations in the virulence of the cultures, in part apparently to variations in the susceptibility of individual animals. In some cases the rats became greatly emaciated, and died from the disease. Other animals lived for over a year, in which case the bone lesions showed evidence of healing.
The deformities produced also varied widely in different rats. They were found especially in the vertebral column, the thorax, the scapulae, the posterior extremities, and the pelvis,--more rarely in the anterior extremities and the maxillary bones.. The vertebral column was lordotic and scoliotic in the dorsal region, kyphotic in the sacral and cervical portions. The thorax was much depressed along the insertion of the pectoral muscles, and along the line of depression the ribs were enlarged in consequence of callus formation following infractions or complete fractures. Small beads of callus were also seen along the paravertebral line, or scattered irregularly along the course of the ribs. The cartilages were also tortuous, nodose, and yell,owish.
The femora were rarely curved or bent, and only when the presence of callus indicated a previous fracture. The diaphysis was often greatly enlarged, the medullary cavity eccentric or narrowed. The tibia was often bent at an angle between the upper and middle thirds.
The microscopic examination of the bones disclosed a picture which was identical with that seen in human rickets or osteomalacia. Schmorl and others have accepted the morphological identity of the lesions in the rat with those of human rachitis.
I have not found in Morpurgo's numerous papers any reference to changes in the teeth. Weichselbaum (6~, however, reported finding lesions in the teeth in three spontaneously rachitic rats, which he describes as follows:
"The dentine of the incisors nowhere shows a uniformly calcified zone, but the zone adjacent to the odontoblasts, i. e., the younger layer, was completely bereft of calcium, and thus appeared pale red in hematoxylin-eosin preparations, whereas the older layers were either wholly eaIcium-free or unevenly calcified, in which case they contained numerous blue dentine globules separated by pale, so called interglobular spaces. One sees further that from the odontoblast layer, capillary loops penetrate more or less deeply into the dentine. In one of the two rats one of the upper teeth was broken off."
Weichselbaum calls attention to the close resemblance of these changes found in the spontaneous rachitis of rats, to the lesions found by Fleischmann (7) in the teeth of human rachitic subjects, and especially to the dental changes described by Erdheim (8) and Toyofuku (9) as following parathyroidectomy in rats. 3 Hohlbaum (IO), also, confirming Erdheim's findings, noted in two spontaneously affected rachitic rats identical lesions in the teeth. Furthermore, Iselin (II), in his study of the effects of parathyroid extirpation, found rachitic-like changes in the epiphyses of those rats which survived for a longer period, and attributed them to the loss of parathyroid function.
Defective calcification of the dentine, and penetration of the uncalcified tissue by blood vessels and isolated cells from the odontoblast layer, regarded by Erdheim and his successors as characteristic of parathyroid deprivation, were observed also in many of the rats described above. In one rat, there occurred a spontaneous fracture of the tooth. Less marked in my rats was the infolding and disarrangement of the emaloblast layer; but this appears to be of secondary importance also in the lesions attributed to parathyroidectomy, and when present is probably due to mechanical causes.
The question arises, therefore, whether Erdheim, who was familiar with the spontaneous rachitic lesions of rats, was justified in attributing these changes to parathyroid insufficiency. Erdheim (12) has brought forward 'his transplantation experiments as crucial proof of the part of the parathyroids in normal calcification. The "" Transplantations-streife "' is believed to correspond exactly in i'ts localization with the period of functional activity of the implanted parathyroid tissue.
This would be entirely convincing were it not for the fact that such alternating layers of calcium-containing and calcium-free dena This resemblance was accepted by Erdheim, who studied Weichselbaum's specimens.
tine not infrequently occur as spontaneous rachitic lesions. They are associated, no doubt, with remissions and exacerbations of the disease, such as have been described by Morpurgo. Figure 3 illustrates the striate deposition of the calcium in the incisor of a spontaneously rachitic rat. 4 Without wishing to discredit the work of Erdheim, supported as it is by other facts indicating an influence of the parathyroids upon calcium ~netabolism, one cannot but ernp:hasize the identity of these lesions attributed to the loss of parathyroid function, with those occurring in the spontaneous rickets of rats.
As regards the infectivity of the disease and the nature of the inciting organism, studies made in coSperation with Dr. J. G. Hopkins have not as yet led to conclusive results. The occurrence of rachitic lesions in a rat, examined twenty-eight days after inoculation of bone marrow from a spontaneously rachitic animal, is of doubtful significance, since many of the stock animals killed at this time were found to be rachitic. The recent experiments of Koch (I3), in which typical rachitic lesions were produced in puppies by the intravenous injection of streptococci, indicate that the infective factor has to be reckoned with in experiments dealing with the effect of extirpation of ductless glands upon bone development in dogs as well as rats.
Sufficient evidence, we believe, has been brought forward to show that the bone changes described by Klose are in no way related to the loss of the thymus gland, but occur as the result of spontaneous disease. It is difficult indeed to understand why Klose should believe that his "experiments on rats acquire fundamental significance in view of the experiments of 'lVIorpurgo ";5 and why, in the same article, he should imply that rats are amongst those species which are practically immune to spontaneous rickets2
As regards alterations in the weights and microscopical structure of the adrenals, testes, and spleen, which might point to a correlation between the thymus and these organs, nothing has been found to modify the negative conclusions reached in the previous paper. An analysis of the additional figures given therefore seems unnecessary.
CON CLUSIONS.
Rachitic changes in the bones and teeth occur in young albino rats as the result of spontaneous disease, possibly of infective origin. This disease is often, but not always, accompanied by an arrest of growth and malnutrition.
There is no valid reason for attributing such lesions to the loss of thymic function. In some of the rats showing the disease, an unusual number of mitoses were found in the parathyroid glands, but no evidence of injury to these structures. It has not been found possible to confirm the statements of Klose and Magnini as to the' fatal effects of complete thymus extirpation in rats.
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